INTRODUCTION 38
Water temperature (Tw) affects many aspects of aquatic life including the metabolism of 39 animals (e.g. Weatherley & Ormerod, 1990 ) and photosynthesis of plants (Berry & Björkman 40 1980) . Insects are poikilothermic ectotherms so their development and phenology are 41 regulated by ambient temperatures (Raddum & Fjellheim, 1993; Knispel et al., 2006) . 42
Development ceases when Tw is outside upper or lower thresholds, and thermal extremes can 43 cause stress or even mortality (Dallas & Rivers-Moore, 2012 ). Consequently, cumulative or 44 growing degree days (GDDs) are often used to relate thermal conditions to organism 45 development (Neuheimer & Taggart, 2007) . GDDs are the number of degrees that exceed a 46 minimum temperature threshold each day, accumulated over the development period or year. 47
Insect phenology is extremely diverse, often very plastic, and characterised by individuals 48 progressing through multiple, distinct life-stages. Timing of emergence from aquatic larval 49 stage to the sexually mature, terrestrial stage is of particular significance because many 50 insects have only a short window to mate and lay eggs. It is, therefore, important that 51 emergence coincides with favourable weather and is synchronous, both as a population 52 defence against predation and as a means of maximising potential genetic spread (Watanabe 53 et al., 1999; Sparks et al., 2010) .
at Buxton, Derbyshire (~20 km from study sites and significantly correlated (r 2 = 0.8) to 3-130 years of monitored air temperature at each site). Air and water temperature are not directly 131 related but because both are ultimately driven by solar radiation, the latter can be predicted 132 from air temperatures using regression analysis (Stefan and Preud'homme, 1993; Mohseni et 133 al., 1998) . We deploy logistic regression models built previously for LUTEN sites and tested 134 under contrasting weather conditions (Johnson et al. 2014; Wilby et al., 2014) . These models 135 explained 85% of the variance in Tw at D16 and 83% at D23 (Table 1 ) and have the form: 136
where α is the model asymptote, β is the model inflection point and γ is the model gradient at 139 β. Using the same models, a Tw record was constructed for 2005-2013 in order to calculate 140 GDDs using the thresholds of Tokeshi (1985) . GDDs were accumulated from 1 June to the 31 141
May each year to match the normal development period of E. danica from egg-laying. 
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All study reaches hold good populations of E. danica based on data collected from previous 151 surveys (Everall, 2010; 2012) . E. danica samples were taken from exposed gravels and fine-152 sediment beneath weed-beds using a 0.1 m 2 Surber net sampler fitted with a 2 cm deep steel 153 curtain. Sampling was undertaken in Aprils 2007 Aprils , 2010 Aprils , 2011 Aprils , 2012 Aprils and 2013 In a two-year cycle it is expected that there will be a tri-modal size distribution with separate 158 peaks for male and female adults about to emerge in June, and a third peak of smaller 159 mayflies that require an additional year of growth. years and the seasonal range is less than at Beresford due to groundwater inflows (Table 2) . except 2011 when sexes were statistically similar (see Table 3 for p-values). In Dovedale, 211 females were statistically distinct from males in both years. 212
The one year cohorts between 2010 and 2012 coincided with warmer summers and the return 213 to a bi-annual cohort in 2013 with the unusually cool summer of 2012. As expected, the 214 average size depends on the number of GDDs over the preceding year with mayfly largergenerally smaller than those with a two year generation because more GDDs are accumulated 217 over two moderately warm years than one very warm year. However, the relatively warm 218 year 2011 produced large mayfly, despite the fact that the population had a one year 219 generation period (Figure 6 Mayflies grew larger, more were caught, and there was greater distinctiveness in size 261 between the sexes when exposed to higher GDDs. Conversely, mayflies were smaller, less 262 numerous and the size of males and females were more alike when developing over fewer 263
GDDs. However, this relationship was complicated because fewer GDDs were accumulated 264 when developing over a single hot year in comparison to two cooler years. Consequently, 265 mayflies emerging in a one-year cycle, associated with warm years, were smaller than those 266 emerging after two relatively cool years, consistent with the findings of Bennett (2007) . 267
The phenology of many insect species has been related to temperature, in terms of timing of 270 emergence, size of emerging individuals, and generation period (see Thackeray et al., 2010) . Given the implications of rising Tw for insect populations, it is important to understand and 311 attempt to manage river temperatures. Spot sampling of daytime Tw 12-times a year, 312 following the sampling strategy of the EA, over-estimated annual mean Tw relative to 313 continuous monitoring and the standard error of the EA estimate (1.1 °C) is comparable to 314 the difference between warmest and coolest years in the LUTEN hindcast series (1.6 °C). It is 315 further recognised that any creep in spot sampling time, for example, from early-morning tomidday, could artificially increase Tw estimates (Toone et al. 2011) . Moreover, annual Tw 317 were poor indicators of thermal regime relevant to E. danica, as summer Tw was of greater 318 importance. Consequently, spot sampling would have been insufficient to resolve differences 319 in thermal regime between years or sites. Higher resolution sampling is needed to relate 320 ecological changes to Tw, at least accounting for seasonal variations in temperature and 321 preferably including sub-daily temperature changes which may be relevant to nocturnal fauna 322 (Wilby et al., 2014) . Reliable, sub-daily resolution temperatures can now be obtained via 323 robust, field-deployable thermistors. 324
Regulatory bio-monitoring in the UK typically involves identifying invertebrates to family 325 level for water quality and ecological assessment (Murray-Bligh, 1999; Environment Agency, 326 2009 ). Given the species-specificity of insect-temperature relationships it is important that 327 finer resolution information is obtained when evaluating the impacts of changing thermal 328 regime on invertebrates. Furthermore, monitoring schemes usually focus on invertebrate 329 community composition (Paisley et al., 2007) . Whilst Tw may alter community composition, 330 this is likely to be preceded by shifts in the growth, development and phenology of insects. 
